Feral cats, Felis catus, inhabiting San Clemente Island, California, are both predators and competitors of multiple sympatric endemic species. To improve our understanding and management of these invasive predators, we used GPS-equipped radiocollars to track 11 (6F:5M) cats for a total of 3,108 days, resulting in 15,419 GPS locations. Average 100% minimum convex polygon, 95% kernel density, and 50% kernel density estimates were 229, 132, and 33 ha, respectively. The point estimate for average male home-range size was larger than the average for females, but there was substantial variation among individuals of both sexes. Overlap indices indicated similar usage areas during nocturnal and diurnal time periods. Sample size limited our ability to definitively detect habitat preference, but data suggested areas within 50 m of roads were avoided, and that thicker land cover was preferred over open grasslands. Three test collars deployed within active cat home ranges indicated GPS locations were precise, with 96% of locations having < 10-m error estimates, and that horizontal dilution of precision indices were not useful in screening data. Our results describe feral cat spatial ecology on a semiarid island and can be used to inform population estimation, control, and mitigation programs.
Invasive species have long been recognized as one of the primary threats to biodiversity (Elton 1958) . A charter member of the International Union for Conservation of Nature's list of the world's 100 worst invasive species (Lowe et al. 2004) , freeranging and feral cats (Felis catus) kill billions of native birds and mammals each year in the United States alone (Loss et al. 2013) . Their impacts on island ecosystems are particularly severe, where they have been directly responsible for ≥ 14 % of bird, mammal, and reptile extinctions (Medina et al. 2011) , and a single cat can cause the extinction of an entire subspecies (Vázquez-Domínguez et al. 2004) . In addition, they may indirectly impact native species through competition (Phillips et al. 2007 ), dispersal of nonnative plant seeds (Nogales et al. 1996) , hybridization with native felids (Daniels et al. 2001) , or as reservoirs and transmitters of zoonotic parasites and diseases to both human (Gerhold and Jessup 2013) and animal populations (Jessup 2004) .
Despite their impacts, relatively little research has been published on feral (defined in this paper as unowned, unsubsidized, and functioning as a wild population) cats outside of Australasia. Sound conservation management of ecosystems impacted by invasives requires identifying relationships among species (Courchamp et al. 2000) . Furthermore, quantifying basic ecological parameters, such as spatial use, is important for control and eradication program planning (Luna-Mendoza et al. 2011) , implementation , and monitoring (Ramsey et al. 2011) . However, key characteristics of landscape use by invasive species such as feral cats can vary widely among regions and conditions (Moseby et al. 2009 ).
On the California Channel Islands, all documented modern extinctions or extirpations are the result of invasive mammals through predation or habitat degradation (Knowlton et al. 2007) , and feral cats on San Clemente Island (SCI) currently predate island endemics including: San Clemente loggerhead shrikes (Lanius ludovicianus mearnsi; listed as endangered by the U.S. Fish and Wildlife Service 1977) , San Clemente Bell's sparrows (Artemisiospiza belli clementeae; listed as threatened by the U.S. Fish and Wildlife Service 1977) , San Clemente island night lizards (Xantusia riversiana; listed as threatened by the U.S. Fish and Wildlife Service 1977) , and endemic San Clemente deer mice (Peromyscus maniculatus clementis). In addition to direct predatory impacts, feral cats compete for resources with the endemic San Clemente island foxes (Urocyon littoralis clementae- Phillips et al. 2007) . As part of an effort to protect the native biota of SCI and recover island-endemic populations, predator control on SCI has been ongoing since 1985 (U.S. Navy 2002); however, little research has been conducted on the feral cat population.
Our primary objective was to use GPS-equipped radiocollars to collect data on feral cat movement and to use these data to accurately quantify their spatial use metrics and habitat selection. We compared how cats were using different areas during night versus daytime hours, looked for differences in spatial ecology based on gender, weight, and age, and attempted to determine how roads might affect cats' use of the landscape. We then discuss how our findings could be used to better understand and manage feral cat populations both on SCI, and in the many areas they inhabit and impact throughout the world.
Materials and Methods
Southernmost of the California Channel Islands, SCI (118°30′W, 32°48′N) is located approximately 92 km off the coast of California (Fig. 1) . It is 14,764 ha in area, extending 34 km north-south and from 2.5 to 6.5 km east-west. Mean summer and winter temperatures are 18°C and 13°C, respectively, with winds generally ranging from 8 to 24 km/h, and an average annual rainfall of 13 cm (U.S. Navy 2002 There is an active naval base on the northern end of the island and a network of roads including numerous lightly traveled, unpaved roads and several relatively well-traveled, paved roads. A traffic study in 2007-2008 documented 60-366 vehicles per day traveling paved roads at an average speed of 47-60 km/h, and approximately 90% of traffic occurring during daylight hours (Snow et al. 2011 (Snow et al. , 2012 .
We used box traps (Tomahawk model 106; Tomahawk Live Trap Company, Hazelhurst, Wisconsin) and padded foothold traps (Victor #1; Oneida Victor Company, Euclid, Ohio) to capture cats. We used ketamine hydrochloride and diazepam (1:1 ratio, 5 mg per kg) to sedate captured cats and then determined their gender and weight. We attached collars to cats weighing > 1.6 kg. Collars were model G211G from Advanced Telemetry Systems (Isanti, Minnesota), weighed 65 g (< 5% of cats' weights), and were equipped with VHF transmitters, mortality switches, and GPS data loggers. Collars were programmed to attempt GPS locations at 4-h intervals starting at midnight. Sampling interval was designed to be standardized across individuals and to allow for long-term data collection (Börger et al. 2006) . After transmitters were deployed, we monitored each cat via VHF signal and attempted to record the status and general location of each individual every 7 days. When mortality signals were detected, we used the VHF signal to locate and recover the collar and data logger. For collared cats that did not die or lose their collar during the study, when the battery life of the collar reached approximately 25%, we tracked, located, and removed the cat by gunshot. All animal handling and removal techniques were in accordance with the American Society of Mammalogists' Animal Care and Use Committee guidelines (Sikes et al. 2011) . When individuals could be weighed soon (< 12 h) after their removal, we recorded their post-collaring weight. After collars were recovered, data was downloaded and exported into ArcGIS 10.0 (ESRI 2011). When possible, a canine tooth was extracted and sent to Matson's Laboratory (Isanti, Minnesota) for cementum annuli age estimation (Danner et al. 2010) .
To evaluate location error (LE), and determine whether horizontal dilution of precision (HDOP) indices were related to LE, we collected data from 3 different collars in 3 different habitat and geographical areas within home ranges of cats that were followed during the study. One collar was in open grassland on the island's central plateau, one was in thick brush on the island's central plateau, and one was in mixed grass and brush near the bottom of a canyon. We left collars in these habitats for 20-70 days, downloaded the accumulated GPS data, and took the centroid of all locations for each collar to obtain estimated locations for each collar. Averaging estimates reduces LE (Sigrist et al. 1999) , and averaged locations can measure accuracy to < 4 m (Hansen and Riggs 2008) . We then calculated distances of each individual location from this centroid location to estimate LEs. Finally, we plotted LE estimates against corresponding HDOP values for each location to determine whether using HDOP to filter location data (Lewis et al. 2007 ) was useful.
We calculated home-range metrics for each cat using Geospatial Modeling Environment (GME-Beyer 2011) and ArcMap 10.0 (ESRI 2011). Utilization distributions were generated using the least squares cross validation bandwidth (Worton 1989) within GME. We calculated spatial use metrics including 100% minimum convex polygon (MCP) home ranges, 95% fixed kernel density estimate (KDE) home ranges, and 50% fixed KDE core areas. Fixed KDEs remain less biased and more accurate than many newer methods (Börger et al. 2006; Lichti and Swihart 2011) , and account for differential area use within an individual home range, but they require a large number of locations to accurately estimate areas of core use (Seaman et al. 1999) . We calculated 95% KDE home ranges to control for locations that might represent temporary movements outside a cat's normal home range, and chose 50% KDE to estimate core-use areas of concentrated activity (Okarma et al. 1998) . We calculated 95% and 50% KDEs by removing the outermost 5% and 50% of locations, respectively. We also calculated 100% MCP home ranges because they are simple to calculate and are historically popular, and thus provide a standardized metric for coarse interstudy comparison (Gula and Theuerkauf 2013) . However, they are not considered robust quantitative estimators, and are subject to multiple biases (Laver and Kelly 2008) .
To explore any potential temporal differences in usage areas, we generated home ranges using all locations for each cat, only nocturnal locations (2000, 2400, and 0400 h), and only diurnal locations (0800, 1200, and 1600 h). To test for temporal differences in home ranges, we calculated the geometric mean of the ratio of overlap (Minta 1992) between the diurnal and nocturnal home ranges for each animal. The resulting overlap values ranged from 0 to 1, with 0 indicating no overlap and 1 indicating that 2 home ranges occupy exactly the same area in space during diurnal and nocturnal periods. We also calculated simple percent change between nocturnal and diurnal home-range sizes.
We used an unpublished habitat map that was created in 2012 using high-definition aerial photography in conjunction with ground truthing to assist us in examining habitat use. We divided habitats into 3 broad categories based on how the landscape was experienced by feral cats. "Grassland" was the most open habitat category, both at cat's eye level, and overhead. It was composed primarily of wild oats and needle grasses (Stipa spp.) with occasional small forbs interspersed with open areas and bare ground. "Brush-Cactus" was dense, low-lying vegetation that provided thick eye-level cover, but little overhead cover. It was dominated by snake cactus (Cylindropuntia prolifera), prickly pear cactus, boxthorn (Lycium californicum), and morning glory. "Shrubs-Trees" provided both eye-level and overhead cover. It was composed of stands of sage brush, coyote brush, and larger woody vegetation including island oak, island cherry (P. lyonii), and Catalina ironwood (L. floribundus) with an understory of mixed grasses interspersed with occasional vines and isolated cactus. Finally, to determine whether cats might modify their spatial usage in response to roads and traffic, we buffered major (paved) roads by 50 m and compared usage in these areas to areas > 50 m from roads. Fifty meters was chosen a priori based on general topography of the landscape adjacent to roads and approximate distances from which roads were consistently visible to cats.
Due to our small sample size and the primarily descriptive nature of this study, we did not use a traditional null hypothesis testing approach and suggest the statistics we report be viewed as descriptive of the data, rather than as strict binary test for null hypothesis rejection (Johnson 1999) . To determine whether we could detect statistical patterns in 3rd-order (Johnson 1980) , within-home-range habitat selection, we conducted compositional analysis (Aebischer et al. 1993) . Compositional analysis compares use and availability distributions with a log-likelihood ratio test and uses individual animals as sample units, thereby avoiding autocorrelation and pseudoreplication issues resulting from using locations as sampling units (Aebischer et al. 1993; Otis and White 1999) and, when assumptions are met, is considered a robust technique (Bingham et al. 2010) . However, it assumes usage of all habitat categories by all animals (Aitchison 1986 ) and recommends inserting small values in place of any zeroes for unused areas (Aebischer et al. 1993) . Simulation analyses have determined that addressing zero usage values can be problematic (Bingham and Brennan 2004; Bingham et al. 2007 ). Not all cats in our study had home ranges that overlapped with roads, or that included all habitat types. Thus, we removed any cats that had zero values for either distances ≤ 50 or > 50 m from roads from analyses of road effects, and any cats that had zero values for > 1 category from habitat analyses. For cats that had a zero value for 1 habitat type, we inserted a small value (0.005), in keeping with Bingham and Brennan's (2004) simulations which suggested that values from 0.003 to 0.007 minimized type I error.
We used program R version 3.0 (R Core Team 2013) for all statistical analyses and the adehabitatHS package (Calenge 2006 (Calenge , 2011 for compositional analyses. For each cat and temporal unit (diurnal, nocturnal, and total), we identified "used" points as locations recorded by each animal's GPS collar. Next, we used ArcMap to generate an equivalent number of "available" points and to randomly distribute these points within each animal's 95% KDE time-period-specific home range. For each cat, we calculated the percentage of used and available points in each habitat type and the 50-m road buffer zone, and then used the ratio of these percentages to determine if there was disproportionate use of certain habitat types or the road buffer zone compared to what was available within its home range. We tested for gender-specific differences in home-range sizes using Mann-Whitney U-tests, and for differences in diurnal versus nocturnal home ranges using Wilcoxon sign-rank tests. We used Spearman's rank-order correlation coefficient to examine relationships between weight and home-range size, and age and home-range size.
Results
From 10 October 2011 to 1 January 2012, we attached GPS collars to 12 feral cats (7F:5M). Cats' ages ranged from 1 to 6 years old. We examined home-range area-observation curves to determine the approximate number of locations at which the size of MCP estimates began to reach asymptotes, and found this generally began to occur as data sets approached 150 locations. Thus, we eliminated 1 female who prematurely lost its collar and for which we obtained only 66 locations. However, we found occasional small increases in MCP home-range size for nearly all individuals throughout the time they wore their collars.
One young male cat, which was a 1-year-old when its collar was removed, exhibited a distinct dispersal event. The dispersal occurred over a 4-day period, and this cat eventually established a second discrete home range with a geometric center (based on 95% KDE) 4.2 km from its natal range. It occupied its natal range for approximately 1 month, before dispersing to its adult home range, which it occupied for the following 10-month duration of the study. We used this cat's adult home range (excluding natal and dispersing locations) in analyses of home-range size, habitat use, and distances to roads. Thus, we used home ranges of 11 individuals (6F:5M), tracked for 3,108 days (X = 278; range = 136-360; Table 1 ) during which 15,419 GPS locations (X = 1,402; range = 709-1,875) were obtained in 18,936 attempts (X = 83%; range = 71-94%), in our analyses. For 9 individuals whose weights we were able to measure pre-and post-collaring, we documented a mean weight gain of 0.01 kg (range = -0.81-0.94 kg).
To evaluate LE of GPS locations and determine whether HDOP-based screening was appropriate, we obtained 803 (range 119-417 per collar) locations from 3 collars placed in 3 different habitats. We estimated LE was ≤ 5 m for 733 locations (91%), and ≤ 10 m for 769 location (96%; Fig. 2 ). The collar placed in brush near a canyon bottom had an average LE of 3.9 m per location, while the collars placed in grassland on a plateau, and in brush on a plateau, had average LEs of 2.5 and 2.0 m per location, respectively. We found HDOP did not provide reliable identification of imprecise locations. Only 2 of 22 (9%) locations with an HDOP > 5 were imprecise, and only 1 of 5 (20%) locations with an HDOP > 15 were imprecise. Based on the high precision of these collars, and a poor relationship between HDOP and LE, we determined that screening locations would not improve our analyses.
When diurnal and nocturnal locations were combined, the average MCP was 228.9 ha (95% confidence interval [CI] = 143.6-318.2; Table 1), 95% KDE home range was 132.2 ha (95% CI = 69.5-194.9), and 50% KDE core area was 33.2 ha (95% CI = 13.0-53.5). Larger average point estimates (Table 1) for male home-range sizes were not statistically different (Z 11 = 0.92-1.83; P = 0.082-0.361) when compared with those of females, but simple mean values for male MCPs, 95% kernels, and 50% kernel estimates were, respectively, 64%, 69%, and 129% larger than those of females. Analyses suggested a positive relationship (r = 0.552-0.593; P = 0.054-0.078) between weight and home-range size; however, there was little relationship evident (r = 0.330-0.458; P = 0.184-0.351) with age.
Minta overlap indices comparing diurnal with nocturnal ranges suggested low temporal variation. Average index score for MCPs was 0.83 (range = 0.56-0.90), for 95% KDE was 0.87 (range = 0.79-0.91), and for 50% KDE was 0.77 (range = 0.66-0.87). Average home-range sizes calculated from nocturnal locations were greater than for diurnal locations (Z 11 = -2.91--2.2; P = 0.004-0.028). Nocturnal MCPs were, on average, 14.3% greater (9 of 11 were larger; range = -14.8-67.9%), 95% KDE were 16.2% greater (11 of 11 were larger; range = 0.5-35.8%), and 50% KDE were 15.2% greater (10 of 11 were larger; range = -15.9-32.6%). Compositional analysis of road effects based on distances to used versus available points within the 8 cats' home ranges that overlapped roads suggested utilization was not random and cats were avoiding areas 0-50 m from paved roads (Λ = 0.271-0.606; P = 0.025-0.136). This pattern was most apparent when nocturnal locations versus available points were compared. Overall, cats used the area within 50 m of roads 42% less than it was available. For 10 cats that utilized ≥ 2 of the habitat categories, compositional analysis did not conclusively detect nonrandom occupancy of used versus available points (Λ = 0.470-0.681; P = 0.061-0.387); however, during all 3 time intervals, brushcactus was ranked highest and grassland lowest. Comparing nocturnal with diurnal locations, cats were 56.8% more likely to be located in grassland at night than during the day, 12.5% more likely to be located in areas dominated by trees, and 5.4% less likely to be located in brush-cactus habitat.
Discussion
The large impacts feral cats have on ecosystems around the world are disproportionate to the relatively small number of published research papers that address their basic ecology, particularly outside of Australasia. The largest home ranges documented to date come from desert populations in Australia (Table 2) . Our MCP home ranges fell on the smaller end of the spectrum (Table 2) , and our 95% KDEs were smaller than those reported from Guadeloupe Island, Mexico (510 and 227 ha for males and females, respectively-Luna-Mendoza et al. 2011) or Hawaii (1,418 and 772 ha for males and females, respectively- Goltz et al. 2008 ). There are published reports of substantially smaller home-range estimates of 44 and 19 ha (MCP) for males and females, respectively on a South African island (Apps 1986) , and an average home range of 41 ha on Macquerie Island in Australia (Brothers et al. 1985) . However, these studies relied on diurnal visual observation to provide location data for homerange estimation, and this may have affected their results.
Point estimates for average home-range sizes for males versus females in our study (Table 1) were consistent with those from previous studies (Table 2) . Substantial variation among individuals exists in many of these studies, including ours, and few studies had large enough samples to document statistical differences they considered to be significant. However, the consistency of this finding (13 of 15 papers; Table 2 ) suggests male cats, on average, have larger home ranges than females.
Relatively few studies have compared nocturnal versus diurnal home ranges. Our findings of larger nocturnal home ranges were similar to research from New Zealand (Langham and Porter 1991) , and we agree with their conclusion that these larger home ranges were likely due to higher nocturnal activity. These results differ from those reported from New South Wales, Australia, in which researchers reported larger point estimates for diurnal home ranges and no statistical difference between time periods (Molsher et al. 2005 ).
We found no other studies that had investigated relationships between feral cat spatial use and roads. Although our small sample size limits our inference, it appears cats were actively avoiding areas within 50 m of paved roads (Fig. 3) . In contrast, SCI's endemic mesocarnivore, the island fox, apparently has little road avoidance behavior, with 3-8% of the population killed on roads each year (Snow et al. 2012) . Biologists on SCI document all roadkill that they observe, and they have never recorded any feral cats ever being accidentally killed on SCI roads. The GPS collars deployed in this study were relatively light, weighing approximately one-half as much as collars employed in previous feral cat studies (Moseby et al. 2009; Recio et al. 2010; Algar et al. 2011; Bengsen et al. 2012) . Perhaps because collars were lighter, cats wearing transmitters during our study, on average, did not experience the weight loss which was documented as a possible collaring impact in previous research (Bengsen et al. 2012) . In addition, the battery life of these collars combined with our standardized GPS location schedule of 6 per day, allowed the 11 animals to be studied for substantially longer time periods than previous studies of feral cats employing GPS collars (Moseby et al. 2009; Recio et al. 2010; Algar et al. 2011; Bengsen et al. 2012) , which theoretically produces more robust home-range estimates (Börger et al. 2006) . The 82% fix rate that we obtained was higher than those of previous feral cat studies (Recio et al. 2010; Buckmaster 2012) and was above a conglomerate average 69% fix rate calculated from 35 wildlife research papers (Cain et al. 2005) . Additionally, 96% of locations from our test collars had < 10-m LE estimates (Fig. 2) , suggesting high precision when compared with similar devices (Recio et al. 2011; Adams et al. 2013) . The relatively high fix rate and precision we documented may be related to the general lack of overhead cover on SCI, which has been documented as the primary source error in many GPS-based studies (DeCesare et al. 2005; Sager-Fradkin 2007; Frair et al. 2010 ). Similar to several recent analyses (D'eon and Delparte 2005; Recio et al. 2011; Adams et al. 2013) , we found that HDOP was not reliable for screening locations. Based on our trials, an HDOP cut off of ≥ 9 as recommended by Lewis et al. (2007) , or even as high as ≥ 15, would have resulted in removal of substantially more low-LE locations than high-LE locations, while simultaneously failing to remove the majority of high-LE locations (Fig. 2) . Thus, we concur with Adams et al. (2013) that this traditional data filtering technique may be of limited utility.
Estimates of home-range size are important for designing passive detector arrays such as camera trap grids (Efford 2004; Royal and Gardner 2011) . These grids are then used to estimate cat population size (Bengsen et al. 2011) , which allows for informed eradication or control planning. Spatial use metrics such as those we present, in concert with the density estimates that they can be used to help obtain, are necessary for modeling how biological control mechanisms, such as introduced parasites (Dobson 1988) or disease (Oliveira and Hilker 2010; Sanchez 2012) , might move through the target population. These findings can be applied to design novel research and control programs for SCI, and could be applied to conservation planning efforts for similar ecosystems.
Cat control efforts have often been successful on relatively small and topographically simple islands (Nogales et al. 2004) , and a review of these campaigns found 83 successful eradications and 15 failures, which were primarily attributed to difficulties associated with removing every individual from larger and more topographically complex islands , such as SCI. Design of trapping grids for removal and eradication efforts is generally based on using home-range size estimates to ensure all individuals are exposed to traps, and our findings can be used to inform the design of such grids. Additionally, spotlight hunting is a control tool utilized by many conservation programs. Our finding that some cats avoid areas adjacent to paved roads, and are therefore unlikely to be removed using this technique, can help inform adaptation of management programs.
Resume
Los gatos silvestres que habitan la Isla de San Clemente, en California, son depredadores y competidores de múltiples especies simpátricas endémicas. Para mejorar el conocimiento y manejo de estos depredadores invasivos rastreamos 11 individuos (6 hembras y 5 machos) con collares con sistemas de posicionamiento global (GPS) durante 3.108 días que dieron registro total de 15.419 localidades. En promedio el 100% de los polígonos convexos mínimos, y el 95% y 50% de la densidad de núcleos fueron de 229, 132 y 33 ha respectivamente, con tamaños de territorio de los machos mayores que los de las hembras. Índices de superposición mostraron que las áreas utilizadas durante el día fueron similares a las utilizadas en la noche. A pesar de que la potencia estadística limitó la capacidad para detectar preferencias de hábitat, los datos sugieren que las áreas ubicadas a menos de 50 m de los caminos fueron evitadas, y que la vegetación densa fue preferida a las praderas. Tres collares de prueba utilizados en los territorios de gatos activos mostraron que las localidades de GPS fueron precisas, 96% de éstas tuvieron errores de < 10 m, por lo que la dilución horizontal de índices de precisión no fue útil al examinar los datos. Nuestros resultados describen la ecología espacial de gatos silvestres en islas semiáridas y pueden ser utilizados para informar protocolos de estimación, control y mitigación de poblaciones.
